Azo-acenaphthylene oligomers with repeating acenaphthylene units "n" up to 4, 5, 7, 17 and 19 have been prepared successfully using nitroxide mediated Stable Free Radical Polymerization (SFRP). Azoacenaphthylene oligomers, reversibly end-capped by the stable nitroxide 2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO), were further reacted via radical addition to 4-(naphthalenemethoxy)styrene monomer for diblock co-polymer formation. Characterization of the oligomers and diblock co-polymers was accomplished using MALDI-MS supported by GPC (Gel Permeation Chromatography) and 1 H NMR spectrometry. MALDI-MS afforded definitive results by providing an inter-peak interval of 152 (m/z), corresponding to acenaphthylene monomer, and inter-peak interval of 260 (m/z) for the naphthalenemethoxystyrene monomer unit in block copolymers. Our study opens the way to control the number of repeat units in the oligomers. Further these oligomers can be tailored with various monomers for the formation of block copolymers.
Introduction
Considerable research effort continues to be focused on the investigation and development of light harvesting (LH) systems, where appropriately constructed macromolecules serve to mimic aspects of photosynthesis. [1] [2] [3] [4] [5] [6] [7] Part of our ongoing research in the area of materials science [8] [9] [10] [11] involves investigation of the underlying processes of light harvesting, including absorption of light by suitable donor (D) moieties and efficient energy (and/or) electron transfer to acceptor (A) moieties in LH model molecules.
In our studies we found, in particular, 11 that the efficiency of energy transfer (ET) is controlled by the specific molecular architecture linking D and A units in the LH model system. This is illustrated in Scheme 1: Donor D groups absorb light energy which is then transferred from the excited D (D*) to the acceptors A; D groups in the case of polymers and particularly peripherally-substituted starburst or dendrimeric polymers, have been likened to "antennae." 12 Various strategies have been used to approach controlled radical polymerization to give well-defined structure, [13] [14] [15] [16] including Atom Transfer Radical Polymerization (ATRP), 17 Radical Addition Fragmentation (RAFT), [18] [19] [20] and Nitroxide Mediated Polymerization (NMP), 13 also termed Stable Free Radical Polymerization (SFRP).
The SFRP approach developed in our work (see Scheme 2) is based on unimer 1 as initiator; this includes an azobenzene acceptor group and is end-capped with the labile TEMPO (2,2,6,6-tetramethyl-1-piperidinoxyl) group. Heating of this unimer releases the persistent nitroxyl TEMPO and the reactive oligomer end-radical, and this radical adds to a different vinylic monomer leading to diblock copolymer formation.
We made successful use of the SFRP approach recently to synthesize a range of azo-acetoxystyrene and azo-naphthalene oligomers 13 with varying molecular weights (Scheme 2). These potential LH oligomers, derived from the azounimer 1, with repeating maximum n values ranging from 2 to 52, were synthesized.
The current extension of the work to the preparation of oligomers containing the azo-benzene Acceptor and acenaphthylene Donor was of interest to ascertain whether the more rigid acenaphthylene structure would change energy transfer properties involving this moiety noting that bond rotation normally enables energy loss from the excited state through rotational coupling. Our specific interest lies in preparation of suitably end-substituted oligomers for potential use as light harvesting models. In a separate preparation, the oligomeric azobenzene-containing acenaphthylene oligomer was then reacted with 4-(naphthalenemethoxy)styrene as the vinyl monomer to give a diblock copolymer. Looking further ahead, could one induce chirality, for example, by polymerizing acenaphthylene using a chiral nitroxide? Different approaches of this kind would become available with development of this work.
Thus, in the current paper we report on the synthesis of acenaphthylene oligomers; further, these oligomers have been elaborated by chain extension with naphthalenemethoxystyrene which has led to the preparation of the block copolymers.
Experimental Instruments and Methods. . The column system was calibrated with polystyrene standards.
MALDI-MS: MALDI-MS was performed on Applied Biosystems Voyager DE-STR MALDI-time of flight-mass spectrometer. This instrument is equipped with a nitrogen laser (337 nm), delayed extraction and reflector. It was operated at an accelerating potential of 20 kV in both linear and reflector mode. The 2,5-dihydroxybenzoic acid (DHB) matrix was used without added salt for oligomer characterization to selectively protonate the alkoxyamine (TEMPO) moiety.
Sample Preparation for MALDI-MS: 24 The oligomeric samples were prepared by mixing a solution of oligomers in THF (1 mg/mL), and a solution of DHB matrix (20 mg/mL) in 1:1 ratio of acetonitrile and MeOH to give the analytical matrix. After mixing analyte and matrix (V sample /V matrix ) (1:1), 1 µL of this mixture was placed onto the sample plate and the solvent evaporated at room temperature to give the MALDI-MS sample for characterization.
General Experimental Procedure for the Synthesis of Oligomers 4 and Block Copolymers 5.
Materials: All common solvents (acetone, THF, MeOH etc.) used in the preparations outlined below were purchased commercially in HPLC grade or better and, where necessary, Scheme 2 were further purified by standard methods. 25 All inorganics and the remaining requisite chemicals and organic reagents were purchased commercially and used without further purification.
The azo unimer 1 was prepared in a five-step procedure as previously described 8, 13 The vinyl monomer used in the copolymerization studies, 4-naphthalenemethoxystyrene, was prepared as previously reported by us. 13 The 2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO, gift of Xerox Research Canada) was used as received.
Synthesis of Acenaphthylene Oligomers, 4 − A mixture of azobenzene unimer 1, acenaphthylene and chlorobenzene (proportions given in Table 1 ) were taken in a round bottom flask (RBF), sealed with rubber septum and purged with N 2 for 5 min, immersed into a preheated, stabilized oil bath at 120 o C and reaction allowed to take place. After the set reaction times, addition of cold methanol (10 mL) terminated reaction along with precipitation of the oligomeric product; filtration was followed by drying in vacuo (< 1 Torr, 50 Table 1 ) and 4-(naphthalenemethoxy)-styrene monomer (40 mg, 0.153 mmol) in 1 mL of PhCl was taken in a round bottom flask. The RBF was sealed with a Teflon rubber septum and purged with N 2 for 5 min, then immersed in an oil bath at 120 o C. An aliquot of reaction mixture was taken after 20 min and poured into copious cold methanol (10 mL) to terminate the reaction and the rest of the mixture was heated for an additional 30 min (total 50 min). After 50 min the reaction was quenched with cold MeOH (10 mL). The resulting crude products 5 precipitated upon addition of methanol and were then filtered off, dried as above and characterized by MALDI-MS along with GPC, 1 H NMR spectrometry.
Results and Discussion
Our strategy uses the approach of controlled polymerization via SFRP in conjunction with azo-unimer 1 8, 11, 13 containing an azo functionality (a suitable acceptor moiety for LH studies) and the TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl) moiety for reversibly capping the growing chain with acenaphthylene (AcNp) monomer. Chlorobenzene (PhCl) is added as a diluent to suppress self-polymerization of AcNp, as well as to control molecular weight (MW) and polydispersity (PD = M w /M n ), of the growing oligomer, 4 (eq. (1)). 
Mechanistically, at 120
o C, the alkoxyamine C-O bond that links the TEMPO cap to the benzylic site of 1 cleaves in the initiation step (a, Scheme 3). This leads to formation of a solvent caged radical pair, consisting of a resonance stabilized benzylic radical 26 and the persistent TEMPO nitroxyl radical. Dissociation (b, Scheme 3) of the radical pair results in addition to the non-aromatic (vinyl-like) double bond of acenaphthylene (AcNp) in a propagation step (c, Scheme 3). The newly-formed benzylic radical may now partition between further addition in another propagation step (d, Scheme 3), extending the oligomer chain or coupling with TEMPO in a termination step (e, Scheme 3). Fragmentation of the TEMPO-capped (dead) oligomer reinitiates the oligomerization ( f, Scheme 3). It is the balance in this partitioning that is generally considered to give oligomers/polymers of relatively low polydispersity. The overall process is shown in eq. (1).
Acenaphthylene Oligomers, 4. To synthesize a range of low molecular weight azo-acenaphthylene oligomers 4 under controlled conditions the proportion of the respective components (1, AcNp, PhCl) and the reaction time, were varied as shown in Table 1 , experiments A to E. The optimized conditions given in Table 1 minimized thermal self-polymerization of AcNp.
Addition of chlorobenzene (PhCl) solvent could have two effects.
14, 15 The first and presumably smaller effect is a solvent effect on the dissociation of the unimer 1 (a, Scheme 3). Preferential solvation of the dissociated radicals (e.g. via π-π stacking) relative to the bulky TEMPO-capped unimer could favour fragmention of the unimer 1 into the respective benzylic and TEMPO radicals. On the other hand, the concentration of AcNp in the cage surrounding the radical pair would be reduced as a function of increasing added PhCl and the probability of addition to the double bond of AcNp diminished. At short reaction times the number of repeating groups incorporated in the oligomer would be reduced, as is observed ( Table 1) 
As shown in Table 1 , acenaphthylene oligomers, 4, ranging with maximum repeating number n acenaphthylene monomer units between 4 and 19 were prepared. Characterization of 4 was accomplished using a number of techniques: MALDI-MS, GPC and Table 1 . These MALDI-MS peaks are reported as relative intensities with an estimated ± 5-10% error.
Careful examination of the MALDI-MS traces recorded for samples prepared with longer reaction times (i.e. Fig. 1 , traces b and c) included small peaks at m/z values greater than those set by sequential loss of acenaphthylene repeating units alone. For example, in Figure 1 (a) the 1080 m/z peak ascribable to oligomer with up to 4 repeating units is relatively clean with only negligible signals at higher m/z values. The same n = 4 peak in Figure 1(b and c) is accompanied by signals at 1098 (i.e., n = 4 + 18.01 m/z) and 1114 m/z (i.e. 1098 m/z + 16.00 m/z, particularly notable in Figure  1(c) ). These signals could indicate the incorporation of water (1098 m/z, 18.01 m/z above n = 4) and oxygen (1114 m/z, 16.00 m/z above the 1098 m/z peak). As such, the 1098 and 1114 m/z signals could arise from oxidative side-reactions significant only at longer reaction time (see Table 1 ). Alternatively, oligomer structural defects arising from radical addition at other sites (as a result of spin delocalization in the two benzyl-type radicals, 26 Scheme 3) could lead to alternative fragmentation pathways giving rise to these and other small peaks, particularly in higher molecular weight product. Nonetheless, these MALDI-MS results clearly show that by (1) Figure 1S for experiments A-D in Supplementary Information) for experiments A through E are collected in Table 2 . In Table 2 both number average molecular weights (M n ) and polydispersity (P.D. = M w /M n ) values are given, determined using polystyrene standard calibration curves. In each trace a peak attributed to unmodified 1 is present ( Figure 1S ). As in the results of MALDI-MS where experiments A-E show increasing values of n, GPC shows a rough trend to increasing M n along the series. The P.D. values generally fall in the region of relatively low polydispersity for these types of polymers produced by a free radical mechanism (i.e. < 1.5). Altogether the GPC results though not definitive are consistent with the MALDI-MS results.
Oligomer Analysis by 1 H NMR Spectrometry − The 1 H NMR spectra (400 MHz, Figure 2S in Supplementary Information) show characteristic peaks in the aromatic region 6.9-8.2 ppm corresponding to H 1 -H 12 for the azobenzene and phenyl moieties, and H 27-33 for the AcNp repeat units; aliphatic protons H [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] are found at 0.6-2.0 ppm. As the maximum number of repeating acenaphthylene monomer units n increases, broadening of signals in both the aromatic and the aliphatic region increases and is in accordance with formation of higher molecular weight oligomers, as shown through MALDI-MS and GPC results.
Altogether consistent structural evidence is obtained for oligomers, 4, with increasing n values over the range 4-19.
Block Copolymers 5. Block copolymers are composed of "blocks" of the same monomer units covalently bound to sequences of unlike type and these may be prepared using the SFRP strategy. 27, 28 In the present studies, we have synthesized linear homo azo-acenaphthalene oligomers 4 with various repeating units n and then extending to block copolymer formation. We have used acenaphthylene oligomers 4 as initiators for formation of block copolymers using a vinyl monomer containing a naphthalenic moiety, 4-(naphthalenemethoxy)styrene (m, Scheme 4). Note for potential LH studies the naphthalenic moiety would function as the Donor group (Scheme 1) in the resulting block copolymer. Various combinations of oligomers 4 and 4-(naphthalenemethoxy)styrene are observed in MALDI-MS (See Table 3 and Fig. 2) . GPC data supports formation of the diblock co-polymer, 5 (Fig. 3S in Supplementary Information), as does 1 H NMR spectrometry (Fig. 4S) . Characterization of Diblock Copolymers, 5: MALDI-MS Analysis of 5 − Co-polymers in general exhibit more complex MALDI-MS spectra due to the various possible combinations of repeating units. In Table 3 are provided the molar masses for a few combinations of repeating units (n) and (m, see Scheme 4) which are obtained through analysis of Figure 2 . Here the MALDI-MS spectra characterize the diblock copolymer arising from reaction of the acenaphthylene oligomer (n = 17) with 4-(naphthalenemethoxy)styrene with 20 min reaction time (A), and 50 min reaction time (B). Spectrum (A) shows clearly the sequential loss of the 152 Da repeating unit corresponding to the acenaphthylene moiety. A growing complex peak pattern corresponding to the 4-(naphthalenemethoxy)styrene repeating unit is also seen in (B), which on expansion in (C) displays clearly the 260 Da for the sequential cleavage of this repeating unit from the diblock copolymer, 5, thus providing definitive evidence for diblock copolymer formation.
Diblock Copolymer Analysis by GPC − Comparative GPC traces (not shown) support formation of diblock copolymers 5 (Scheme 4) in broad agreement with MALDI-MS results. Generally, the peak for the copolymer appears at shorter retention times than that of residual starting oligomer 4, in accord with the higher molecular weights of 5 with The designations n and m refer to the number of acenaphthylene and naphthalenemethoxystyrene units, respectively, in copolymer 5.
respect to 4. The increased broadness of the GPC peak for the diblock copolymer formed with 50 min reaction time compared to the peak found at 20 min of reaction translates into increasing P.D. with increasing reaction time.
The lack of a suitable calibration standard for 5 precludes assignment of M n and P.D. values by GPC in these systems. Nonetheless, the GPC results provide qualitative evidence of the formation of 5 with varying molecular weights in accord with the more quantitative MALDI-MS results. Diblock Copolymer Analysis by 1 H NMR Spectrometry − 1 H NMR spectra (400 MHz) were recorded ( Figure 4S ) for the initial oligomer 4 and for the diblock copolymers 5 formed by addition of 4, as an initiator, to 4-(naphthalenemethoxy)styrene, a vinyl monomer, at 20 min and 50 min reaction times, respectively. While the aromatic protons of both 4 and 5 largely overlap in the downfield (δ 6.2-8.0) region and similarly most aliphatic protons overlap in the upfield (0.6-1.8 ppm) region of the spectra, unique diagnostic signals can be discerned. In the upfield region a somewhat broadened "singlet" appears at δ 2.0. Although not conclusively identified it likely arises from the benzylic methine of 4 (CH attached to the methyl labelled "e" in Fig.   4S ), where coupling is unresolved. Regardless, the signal belongs to 4. This signal is visible at diminished intensity in the spectrum of the copolymer 5 (20 min reaction), as expected for a "dilution" of the original oligomer 4 as a component of the diblock copolymer 5. The signal is no longer readily visible in the spectrum of the higher molecular weight 5 (50 min reaction time). In fact, all signals in the aliphatic region diminish in intensity relative to those of the aromatic region for the copolymer 5 as would be expected since the 4-(naphthalenemethoxy)styrene repeating units in 5 contain predominantly aromatic protons.
Equally important is the observation of the methoxy methylene of the 4-(naphthalenemethoxy)styrene repeating unit (i.e. Np-CH 2 -O-, labelled "i" in Fig. 4S ) as a sharp singlet at 5.0 ppm. Understandably, this singlet is not present in the spectrum of 4, but is seen in both spectra of 5 appearing at greater intensity in the higher molecular weight (50 min reaction) copolymer 5. Further, the spectra of 5 contain a multiplet at ca. 8.0 ppm ascribable to an aromatic proton(s) (not assigned) in the 4-(naphthalenemethoxy)-styrene repeating unit; the multiplet is not present in the spectrum of 4 and thus provides further evidence for 
Conclusion
As part of a long-term program to investigate light harvesting (LH) structures and the efficiency of intramolecular energy transfer (ET), we have successfully developed a methodology for preparing molecular architectures that incorporate energy Donor and energy Acceptor moieties as well as spacer moieties, in a controlled way in the polymer backbone. 13 We have previously demonstrated the importance of Donor-Acceptor geometries that can be modulated through control of oligomer/polymer molecular architecture. 11 Through SFRP in the current study we have thus prepared a series of oligomers/polymers of controlled molecular weights, and relatively low polydispersities. The present flexible approach allows us to incorporate various Donor-Acceptor moieties in order to explore the strong reducing potential of various Donor excited states.
In the present report we have successfully synthesized azo-acenaphthylene oligomers 4 with n values up to 4, 5, 7, 17 and 19 via nitroxide mediated polymerization (NMP) using TEMPO as the capping agent for control of the growing polymer chains. Block copolymers, 5, (Scheme 4) with 4-(naphthalenemethoxy)styrene as a vinyl monomer were synthesized using 4 as the initiator oligomer. Characterization of the oligomers and copolymers was accomplished using MALDI-MS supported by GPC and 1 H NMR spectrometry. MALDI-MS afforded definitive results by providing an inter-peak interval of 152 (m/z), corresponding to acenaphthylene monomer, and inter-peak interval of 260 (m/z) for the 4-(naphthalenemethoxy)styrene repeating unit in block copolymers, 5. Future studies will be directed to synthesis of copolymers comprising both rigid/stiff and soft/ coil monomeric segments with a view to probing their effect on light harvesting properties.
